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Abstract

Thin NiO(0 0 1) films have been epitaxially grown on a ferromagnetic Fe substrate. They have been investigated by

X-ray photoemission and spin-resolved inverse photoemission spectroscopies, and compared with films grown in the

same conditions on Ag(0 0 1). Well ordered and good quality films are obtained in most cases, while defect states within

the fundamental gap are detected only in few cases. Upon annealing these films above 600 K a Ni–Fe substitution

reaction occurs in the film, leading to the formation of an Fe oxide film at the surface, while Ni atoms dissolve into the

substrate.

� 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Oxide thin films and metal-oxide interfaces play
a fundamental role in many chemical-physics
processes and applications in material science [1],
and are involved in various important technolog-
ical areas ranging from catalysis [2] to magnetism
[3]. More recently, oxide thin films on metal sub-
strates have also been used as model systems for
the investigation of the properties of bulk oxides
and their surfaces. In particular high quality films
can be prepared in ultra high vacuum (UHV)

condition by epitaxial growth on well character-
ized and clean single crystal surfaces [4]. Single
crystalline oxide barriers between ferromagnetic
(FM) metal layers constitute ideal systems for the
preparation of tunneling magnetoresistence junc-
tions [5,6], which are important for the develop-
ment of magnetic random access memory devices
[7]. Moreover, if the oxide is antiferromagnetic
(AFM), as it is the case in many transition metal
oxides, a rich phenomenology at the FM–AFM
interface occurs [8], related to the exchange bias
mechanism, with several possible technological ap-
plications [9].
From a fundamental point of view, solid oxides

constitute a benchmark for electronic structure
theories, due the strong electron correlation ef-
fects occurring in these materials. In this frame,
NiO thin films acquire a particular relevance. In
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fact, this material was considered long ago as a
prototype system to define the problems that arise
in band concept if large electron–electron correla-
tions are present [10]. Since then, a large amount of
work on the electronic [11,12] and magnetic [12–14]
properties of NiO has been done. Recently very
well characterized NiO monocrystalline thin films
have been grown by evaporation of Ni in an O2
atmosphere onto non-reactivemetal substrates [15].
We have for example used this method to investi-
gate the empty electronic structure of NiO by mea-
suring inverse photoemission (IPE) spectra from
NiO(0 0 1) thin films epitaxially grown onto Ag-
(1 0 0) [16]. Besides the very high quality of the
grown sample, the thin film structure prevents any
problem of charging, even for IPE spectroscopy,
and we were able to give a firm experimental basis
to the long debated subject of NiO empty states
[16].
The key ingredient for a good epitaxial growth

is the use of a substrate with a lattice parameter
matching closely that of the overlayer: Ag and Au
substrates have been successfully used for the
growth of NiO [15]. On the contrary, it is known
that due to the strong lattice misfit (about 19%)
between pure Ni and NiO, thin NiO films do not
grow properly onto Ni substrates [17]. Because
of the interest in AFM–FM interfaces outlined
above, we looked for other FM suitable substrates.
As a matter of fact, the Fe(0 0 1) surface presents
a square-net template very similar to those of Ag-
(0 0 1) and Au(0 0 1), and it is indeed well known
that Fe(0 0 1) films grow epitaxially on both
Au(0 0 1) and Ag(0 0 1), [18–20] and viceversa [18,
19]. By allowing for a 45� rotation of the overlayer
lattice with respect to the substrate, as in the Fe–
Au and Fe–Ag systems, one gets a misfit of only
�3% between the NiO(0 0 1) and Fe(0 0 1) surface
unit meshes. Thus we have performed the growth
of NiO thin films on Fe(0 0 1) in the same experi-
mental conditions as those used for the NiO/
Ag(0 0 1) case. NiO/Fe is a prototype system to
study the magnetic behavior of a FM–AFM in-
terface. It has recently been investigated by X-ray
magnetic circular dichroism [21] and a decrease
of the Fe magnetic moment at the interface with
NiO has been reported. A study by spin polarized
secondary emission spectroscopy [22] revealed a

nearly perpendicular coupling between the Fe
and the NiO lattice spins at the interface. A study
on the related Co/NiO system [23] focussed on the
dependence of the magnetic properties on the
crystal quality of the films. More recently, an
X-ray absorption spectroscopy study [24] pointed
out that both NiO and CoO are strongly reduced
by the deposition of an iron film, in turn oxi-
dized by the presence of the adjacent oxide. The
formation of an oxidized Fe interfacial layer has
also been observed for deposition of MgO films
on Fe(0 0 1) [25]. The complex interface result-
ing from oxide reduction and metal oxidation
is expected to play a significant role in the elec-
tronic and magnetic coupling between Fe and
oxides.
In this paper we present the results of this study:

the films have been grown in UHV and investi-
gated in situ by means of IPE (also with spin res-
olution) and X-ray photoemission spectroscopy
(XPS). Our results show that high quality NiO/
Fe(0 0 1) films can be grown. Furthermore, despite
the presence of a magnetized FM substrate, no
polarization effect takes place in the spin resolved
IPE profiles indicating that the AFM character of
the oxide is not broken by the reduced dimensio-
nality of the thin film. Defects formation occurs in
few cases in the NiO film and it is seen that their
nature preserves charge neutrality. Upon interface
annealing complete Fe–Ni exchange takes place
in the oxide layer with formation of a crystalline
FeO(0 0 1) structure.

2. Experimental

The experiments herein reported refer to XPS
(hm ¼ 1253:6 eV, with full width at half maxi-
mum FWHM¼ 1.2 eV) and IPE (hm ¼ 9:4 eV,
FWHM¼ 0.7 eV) performed in an UHV system
(base pressure < 7� 10�11 mbar) equipped with
standard surface characterization techniques [20].
The Fe substrate was prepared by deposition of a
thick Fe film on a sputter-cleaned and annealed
MgO(0 0 1) substrate. As already reported [26],
upon annealing relatively thick films (500–1000 �AA)
at 600 �C, nice Fe(0 0 1) single-crystal films are
obtained. They show clean and well ordered (0 0 1)
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surfaces, as revealed by XPS and low energy
electron diffraction (LEED), respectively.
NiO(1 0 0) is successively grown at room tem-

perature by deposition of pure Ni in oxygen at-
mosphere. Ni is evaporated by electron beam
heating of a Ni rod at a rate of about 0.8 mono-
layer (ML) per minute, as evaluated by a cali-
brated quartz microbalance. During evaporation
the UHV chamber pressure is kept at 8� 10�7
mbar by introducing high purity O2 through an
UHV leak-valve. At variance with the case of the
Ag(0 0 1) surface, however, the Fe substrate can-
not be considered as non-reactive. This implies
that substrate–oxygen interaction cannot be ne-
glected, so that the initial growth conditions would
strongly depend, in an uncontrollable way, on the
details of the timing for the O2 leak-valve opening.
In order to avoid such problems we decided to use
as starting substrate an oxidized Fe surface, stable
with respect to further oxidation. In particular
we have chosen the well characterized and stable
Fe(0 0 1)-p(1� 1)O surface, obtained by annealing
the clean Fe(0 0 1) surface exposed to O2 [27]. With
its very sharp (1� 1) LEED pattern in registry
with the Fe substrate and strong spin dependent
effects [27,28], this surface is indeed well suited for
our purposes. We note also that, even in uninten-
tionally oxidized surfaces, an Fe-O layer is very
likely to form at the Fe/metal-oxide interface, as it
has been recently reported for the MgO/Fe(0 0 1)
case [6]. Details on the substrate termination may
well influence the properties of ultrathin films and
buried interfaces, which are however not addressed
here. The present results deals with films having
large enough thickness as to mask any contribu-
tion to the IPE spectra coming from the substrate
and the interface. Different NiO film thicknesses
have been prepared in the 10–25 ML range, ob-
taining very similar results in all cases. For the
sake of simplicity, in the following we will refer to
these films grown on Fe(0 0 1)-p(1� 1)O substrates
as to NiO/Fe(0 0 1) films.

3. Results and discussion

High quality NiO films can be grown onto
Ag(0 0 1) surfaces, as confirmed by numerous

studies, which have allowed to define various spec-
troscopic criteria for the formation of NiO [12–16].
As noted above, replacing Ag with Fe increases
the overlayer–substrate lattice mismatch only very
slightly, and as a result we were able to prepare
well ordered epitaxial NiO/Fe(0 0 1) films. The cor-
rect stoichiometry was confirmed by valence band
and core level XPS analysis. The films showed a
LEED pattern similar to that of the substrate,
indicating the correct epitaxial structure, with the
[1 0 0] direction of the NiO lattice parallel to the
[1 1 0] direction of the Fe lattice. The larger spots
and reduced contrast of the LEED pattern for the
film shows however that the overlayer does not
arrange itself as nicely as the substrate does, in
analogy with the NiO/Ag(0 0 1) case [16]. Further
indication on the similarity between NiO/Ag(0 0 1)
and NiO/Fe(0 0 1) films is given from the IPE
results, reported in Fig. 1. Here, in panel (a),
we present spin resolved IPE spectra for both
the Fe(0 0 1)-p(1� 1)O substrate and the NiO/
Fe(0 0 1) film, taken at normal incidence and room
temperature. The spectra are normalized to 100%
spin polarization of the incident electron beam and
have been collected in magnetic remanence after
having magnetized the sample in plane along the
[1 0 0] easy axis direction of the Fe lattice [20,27].
The substrate lineshapes are dominated by the well
known B1 and B2 structures appearing in the
majority- and minority-spin channel, respectively
[27]. The overlayer spectra show an onset well
above the Fermi energy (EF), reflecting the insu-
lating nature of NiO. Three features at around 3, 6
and 12.5 eV above EF clearly emerge from the
background; a further structure is also present at
higher energy (�18 eV). Furthermore, it is clear
from the spectra that no in-plane spin-polarization
dependence is observed whatsoever. This result
would be expected for bulk NiO, due to its AFM
nature. Here, in fact, the magnetic moments pre-
sent a FM alignment within each (1 1 1) plane, with
an AFM alignment of adjacent (1 1 1) planes, re-
sulting in a zero overall magnetization. Our data
indicate that no in plane net magnetization devel-
ops in NiO(0 0 1) thin films, even in the presence of
an in plane magnetized FM substrate. We note
that this result is not trivial if we think of the quite
bizarre findings encountered in the field of ultra-

236 L. Du�oo et al. / Surface Science 518 (2002) 234–242



thin film magnetism. Our results are thus consis-
tent with a bulk-like magnetic structure valid for
describing thin films as well. However, it should be
noted that any alignment of the magnetic moment
giving rise to an AFM character would show in

any case an unpolarized result in our measure-
ments. From this point of view also the oxide/
metal interface morphology can play an impor-
tant role influencing the FM/AFM coupling: in
similar structures, for example, it has been shown
[24] that a 2 ML thick FeO film forms between Fe
and NiO.
Direct comparison between NiO/Fe(0 0 1) films

with those grown in the same conditions onto
Ag(0 0 1) can be made by inspection of Fig. 1b,
where the overlayer and substrate IPE spectra
for the latter system are shown. It is seen that the
NiO spectrum is basically identical to that of Fig.
1a, with features at the same energies, indepen-
dently on the very different substrates. A full spec-
tral analysis with attribution of these features
to various empty states, involving both Ni 3d
and O ligand holes, has been reported elsewhere
[16].
On the basis of all these findings we conclude

that high quality NiO(0 0 1) films can be prepared
on Ag and Fe substrates as well. However, having
experienced more than a dozen film preparations,
a different role of the two substrates has been ev-
idenced. In fact, while for films grown onto Ag we
always found IPE spectra as those of Fig. 1b,
around one third of the films deposited onto Fe
showed slightly different results. In these films, in
fact, the IPE spectrum presents a low energy
shoulder close to the Fermi level with non-zero
signal at EF, while keeping the usual shape at
higher energies. In particular the four NiO features
are seen at the same energies, within the experi-
mental accuracy of �0.1 eV. In Fig. 2 IPE spec-
tra for NiO/Ag(0 0 1), ‘‘good’’ NiO/Fe(0 0 1), and
‘‘bad’’ NiO/Fe(0 0 1) films are compared in a re-
stricted energy range close to EF. For an insulating
material, such as NiO, the onset of the IPE signal
is expected to occur at energies corresponding
to the conduction band minimum (CBM), i.e. well
above EF in undoped intrinsic samples. This is
what actually happens in NiO/Ag(0 0 1) and most
of the NiO/Fe(0 0 1) films, the one labeled as good
in Fig. 2: in these cases a previous study has shown
that the EF position is nearly centered inside the
gap [16]. The occurrence of an IPE signal below
the CBM, as seen in the NiO/Fe(0 0 1)-related
spectrum labeled as bad in Fig. 2, indicates instead

Fig. 1. (a) Spin resolved IPE spectra for the Fe(0 0 1)-p(1� 1)O
substrate and the overlying NiO film. In the latter case, no spin

dependent character at all can be shown by the various features.

(b) IPE spectra for the Ag(0 0 1) substrate and the NiO film

grown on top of it.
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the presence of states within the gap, which can be
attributed to the presence of film defects. The role
of defect states in NiO, either bulk or as a thin
film, has been recognized long ago and thoroughly
discussed (see e.g. Ref. [11]). In order to interpret
our data, we use then the following scheme. When
growing NiO on Fe substrates, high quality films
are obtained in most cases, whereas defect rich
films show up in roughly one third of the cases, in
a more or less unpredictable manner. Note in fact,
that these films were grown in the same conditions
as the others: we were not able to put in evidence
any difference in the preparation procedure nor
correlation with film thickness whatsoever. In or-
der to check this interpretation, we intentionally
induced some defects into an otherwise defect-free
NiO/Fe(0 0 1) film, looking for the effects brought
about in the IPE spectrum. This has been done by

subjecting such a film to a mild Ar-ion bombard-
ment. These results also are reported in Fig. 2
where IPE data for a good NiO/Fe(0 0 1) film be-
fore and after (labeled as goodþ sputtering) such a
treatment are presented. Upon sputtering, the IPE
profile keeps basically unchanged above the first
peak, while a signal increase is indeed observed
closer to EF. This clearly shows some analogy to
the data on what we consider a defect rich film,
although the details of the resulting lineshapes are
somewhat different since for the bad NiO/Fe(0 0 1)
sample the defects states go below EF. Unfortu-
nately is not possible to follow the evolution of the
defects states for a stronger sputtering due to the
smearing out of the spectroscopic features under-
neath the background. It has also to be remarked
that, as noted above, the energy position of the
IPE features is very stable in all the NiO films. This
implies that, for the NiO/Fe(0 0 1) system, the
Fermi level maintains its position roughly at the
middle of the gap irrespective of the film quality.
This situation is different from what found in
bulk NiO where large changes in the position of
EF within the gap were found as a function of
the defect density [16,29]. Formation of defects
giving rise to both donor-like (e.g. O-vacancies)
and acceptor-like (e.g. Ni-vacancies) states with
an overall charge neutrality would account for
the findings on NiO/Fe(0 0 1). Defects are likely
to be present also in high quality films, but with
much smaller concentration, below the detec-
tion limit of our spectroscopic tools. The fact that
defect states are sometimes detected in NiO/
Fe(0 0 1) films and never detected in NiO/Ag(0 0 1)
films is a clear indication that the former system
is more complex than the latter, i.e., stronger
overlayer–substrate interactions occur when re-
placing Ag with Fe. Measurements on thinner
NiO films, which would enhance the role of the
interface, are made very difficult by the strong
substrate emission in the energy range of interest
(see Fig. 1).
It is well known that the quality of defect rich

samples can be improved by high temperature
annealing. When doing that on our NiO/Fe(0 0 1)
films, we found a dramatic change of the struc-
ture, as demonstrated in Fig. 3, reporting XPS

Fig. 2. IPE spectra, close to EF, for NiO grown both on the
Ag(0 0 1) (bottom panel) and the Fe(0 0 1) (top panel) sub-

strates. For the NiO/Fe(0 0 1) system the profile related to the

good film is shown together with the lineshape for the bad film

and the one for the goodþ sputtering surface. See text for the
meaning of labels.
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data in the energy region corresponding to the Ni
2p, Fe 2p, and O 1s core levels. From bottom up,
the spectra refer to: (i) the Fe(0 0 1)-p(1 � 1)O
substrate, (ii) an as grown 30 �AA thick NiO/Fe-
(0 0 1) film, and (iii) the same film after 3 min
annealing at 900 K. For each of the involved core
levels we have the following evolution: (1) the O 1s
signal intensity increases, starting from the value
corresponding to 1 ML (in the substrate), to a
much larger value in the oxide film, with no sig-
nificant effect upon annealing; (2) the Fe 2p signal
intensity is strongly reduced upon NiO formation,
as expected, but then it undergoes a remarkable
increase upon annealing; (3) the Ni 2p signal is
obviously absent on the substrate and appears
in the film with the typical NiO-like lineshape,
namely with a satellite feature accompanying each
main spin-orbit split peak; it then disappears again
upon annealing. Note that the small bump present
after the annealing (and barely visible in the sub-
strate lineshape as well) is due to the Fe 2s emis-
sion. These results indicate that, in agreement with

thermodynamic considerations, a Ni–Fe atoms
substitution occurs in the film, leading to the
formation of an Fe-oxide top layer, while Ni at-
oms diffuse and dissolve into the bulk. A closer
look to the XPS spectra of Fig. 3 supports this
interpretation. In fact, it is seen that the Fe 2p
profile in the annealed sample has a lineshape
typical of oxides, i.e. wider than the pure metal
lineshape due to a large asymmetry in the low
kinetic energy side [30], with a chemical shift of
�2.8 eV with respect to metal Fe. The O 1s line-
shape keeps unchanged while Fe substitutes Ni in
the oxide.
On the basis of the similarity between the FeO

and NiO lattice, we propose that the metal atom
exchange mechanism leads to formation of iron
monoxide. The misfit between the Fe substrate and
FeO is small enough (6%) to be consistent with
epitaxy. Note also that after annealing the LEED
pattern remains practically unchanged, with only a
slight contrast improvement and background re-
duction. The measured value of the Fe 2p chemical

Fig. 3. XPS data related to Ni 2p, Fe 2p, and 0 1s core levels, respectively. From bottom up, the spectra refer to: (i) the Fe(0 0 1)-

p(1� 1)O substrate, (ii) an as grown 30 �AA thick NiO/Fe(0 0 1) film, and (iii) the same film after 3 min annealing at 900 K. Intensi-
ties have not been rescaled. Note that the small bump, present in case (iii), in the Ni 2p profile at �852 eV binding energy is due to
Fe 2s emission. Concerning the Fe 2p spectra a shift of about 2.8 eV is evidenced comparing the substrate lineshape and the inter-

face.
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shift upon oxide formation is also consistent with
that of FeO [30,31], while a much larger value (of
�4 eV) would be expected for both Fe2O3 and
Fe3O4 [30–32].

1 Finally, we note that the profile of
the Fe signal coming from the as grown NiO/
Fe(0 0 1) film is very similar to that of the annealed
interface both in terms of lineshape and binding
energy, indicating that an iron oxide layer is
formed also at the interface during the NiO
growth, due to interface intermixing. Its thickness
is estimated to be around 2 ML in analogy with
the results of Ref. [24], despite the different ter-
mination of the substrate before NiO growth. By
studying the annealing temperature dependence of
this system, we have found that such Ni–Fe atom
exchange becomes important above 600 K: at such
a temperature 5 min are enough to completely
convert into FeO a 30 �AA thick NiO film.
As a final point, concerning the formation of an

Fe oxide upon thermal treatment of the NiO/
Fe(0 0 1) interface, we show in Fig. 4 the IPE
spectrum for the resulting FeO/Fe(0 0 1) film: it
shows just one peak at about 2 eV above EF and is
considerably different from the NiO profile. In the
same figure the IPE spectrum taken from a poly-
crystalline FeO sample, as reported in Ref. [33], is
also shown for a comparison. The overall simi-
larity between the two spectra seems again to
suggest that the film formed upon annealing has
the monoxide stoichiometry. However, we note
that the relevance of this comparison should not
be pushed too far since (i) the experimental con-
ditions are different (normal incidence on single

crystal (0 0 1) faces vs angle integrated on poly-
crystal) and (ii) the IPE profiles of the other Fe-
oxides, namely Fe2O3 and Fe3O4 [34], do not differ
very much from the profiles of Fig. 4.

4. Conclusions

We have shown that single crystal NiO film can
be effectively grown on top of a FM substrate,
opening a new field to investigations of the AFM–
FM interface phenomena. XPS, IPE and LEED
observations demonstrate that these epitaxial NiO/
Fe(0 0 1) films may be as good as those grown on
Ag(0 0 1). Photoemission and IPE results indicate
that NiO/Fe(0 0 1) films have an electronic struc-
ture similar to the bulk and in turn to NiO/
Ag(0 0 1) films. Moreover, at variance with the FM
substrate, no polarization effects are observed in
spin resolved IPE, in agreement with the AFM
nature of NiO. Our data shows that this holds true
also for thin films, even in the presence of a FM
substrate. Ni–Fe interaction makes however the
overlayer–substrate interface more complex than

1 In principle some surface core level shifts can occur in these

spectra due to the reduced dimensionality, which might

influence the above arguments. In fact these shifts are generally

smaller than those quoted here between FeO and the higher

oxides. Furthermore, according to the estimated electron escape

depths (kÞ for metal oxides (see [32]) expected k for the Fe 2p
kinetic energy, as excited by MgKa photons, is �20 �AA; this

value is compatible with the fact that, in Fig. 3, the Fe 2p signal

is still visible beneath the 30 �AA thick NiO film even before

annealing. Therefore the signal comes out from a number of

layer large enough to mask the surface effects (generally

confined within the two topmost layers for well ordered

structures). For example, the Fe 2p profile of the Fe(0 0 1)-

p(1� 1)-O surface is not distinguishable from the pure Fe(0 0 1)
lineshape.

Fig. 4. IPE results for the NiO/Fe(0 0 1) surface after annealing

compared to reported IPE data (hm ¼ 18 eV) on stoichiometric
FeO [33].
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in NiO/Ag(0 0 1) films. This can lead in some case
to defect formation within the NiO film, which
shows up in the IPE spectra in terms of states in-
side the NiO gap. Annealing gives rise to a Ni–Fe
atom exchange in the thin oxide film, resulting in
the formation of an Fe-oxide top layer, whose
stoichiometry we suggest being FeO. As a by-
product the present study yields a new method for
preparing high quality thin FeO(0 0 1) films, which
constitutes and important result per se and surely
deserves further investigations.

Acknowledgements

This work has been supported by the Italian
Ministry of University and Scientific and Tech-
nological Research through MURST-Cofin99
Project No. 99021 1841 8_003.

References

[1] V.E. Henrich, C. Cox, The Surface Science of Metal-

Oxides, Cambridge University Press, Cambridge, 1994.

[2] G.A. Somorjai, Introduction to Surface Chemistry and

Catalysis, J. Wiley, New York, 1994.

[3] C. Cox, Transition Metal Oxides, Clarendon Press,

Oxford, 1995.

[4] S.A. Chambers, Sur. Sci. Rep. 39 (2000) 105.

[5] W.H. Butler, X.G. Zhang, X. Wang, J. van Ek, J.M.

McLaren, J. Appl. Phys 81 (1997) 5518.

[6] H.L. Meyerheim, R. Popescu, J. Kirschner, N. Jedrecy, M.

Sauvage-Simkin, B. Heinrich, R. Pinchaux, Phys. Rev.

Lett. 87 (2001) 076102.

[7] J.S. Moodera, L.R. Kinder, J. Appl. Phys. 79 (1996) 4724;

J.S. Moodera, G. Mathon, J. Mag. Mag. Mater. 200 (2000)

248.

[8] H. Matsuyama, C. Haginoya, K. Koike, Phys. Rev. Lett.

85 (2000) 646;

W. Zhu, L. Seve, R. Sears, B. Sinkovic, S.S.P. Parkin,

Phys. Rev. Lett 86 (2001) 538;

H. Ohldag, T.J. Regan, J. St€oohr, A. Scholl, F. Nolting, J.

L€uuning, C. Stamm, S. Anders, R.L. White, Phys. Rev. Lett

87 (2001) 247201.

[9] J. Nogu�ees, I.K. Schuller, J. Mag. Mag. Mater. 192 (1999)

203.

[10] N.F. Mott, Metal-Insulator Transitions, second ed., Taylor

& Francis, London, 1990.

[11] For a comprehensive review see: S. H€uufner, Adv. Phys. 43

(1994) 183.

[12] B. Fromme, d–d Excitations in Transition-metal Oxides,

in: Springer Tracts in Modern Physics no. 1709, Springer,

Berlin, 2001.

[13] V. Fernandez, C. Vettier, F. de Bergevin, C. Giles, W.

Nuebeck, Phys. Rev. B 57 (1998) 7870;

S.K. Kwon, B.I. Min, Phys. Rev. B 62 (2000) 73;

W. Nuebeck, C. Vettier, F. de Bergevin, F. Yakhou, D.

Mannix, O. Bengone, M. Alouani, A. Barbier, Phys. Rev.

B 63 (2001) 134430.

[14] D. Spanke, V. Solinus, D. Knabben, F.U. Hillebrecht, F.

Ciccacci, L. Gregoratti, M. Marsi, Phys. Rev. B 58 (1998)

5201;

H. Ohldag, A. Scholl, F. Nolting, S. Anders, F.U.

Hillebrecht, J. St€oohr, Phys. Rev. Lett. 86 (2001) 2878;
F.U. Hillebrecht, H. Ohldag, N.B. Weber, C. Bethke, U.

Mick, M. Weiss, J. Bahrdt, Phys. Rev. Lett. 86 (2001)

3419.

[15] K. Marre, H. Neddermeyer, Surf. Sci. 287–288 (1993) 995;

K. Marre, H. Neddermeyer, A. Chass�ee, P. Rennert, Surf.

Sci. 357–358 (1996) 233;

Th. Bertrams, H. Neddermeyer, J. Vac. Sci. Technol. B 14

(1996) 1141.

[16] M. Portalupi, L. Du�oo, G. Isella, R. Bertacco, M. Marcon,

F. Ciccacci, Phys. Rev. B 64 (2001) 165402.

[17] M. B€aaumer, D. Cappus, H. Kuhlenbeck, H.-J. Freund, G.
Wilhelmi, A. Brodde, H. Neddermeyer, Surf. Sci. 253

(1991) 116.

[18] L.M. Falicov, D.T. Pierce, S.D. Bader, R. Gronsky, K.B.

Hathaway, H. Hopster, D.N. Lamberth, S.S.P. Parkin, G.

Prinz, M. Salamon, I.K. Schuller, R.H. Victoria, J. Mater.

Res. 5 (1990) 1299, and references therein.

[19] J.A.C. Bland, B. Heinrich (Eds.), Ultrathin Magnetic

Structures, vols. I and II, Springer, Berlin, 1994, and

references therein.

[20] G. Chiaia, S. De Rossi, L. Mazzolari, F. Ciccacci, Phys.

Rev. B 48 (1993) 11298;

F. Ciccacci, S. De Rossi, Phys. Rev. B 51 (1995) 11538.

[21] A.D. Alvarenga, F. Garcia, L.C. Sampaio, C. Giles, F.

Yokaichiya, C.A. Achete, R.A. Sim~aao, A.P. Guimar~aaes, J.
Magn. Magn. Mater. 233 (2001) 74.

[22] H. Matsuyama, C. Haginoya, K. Koike, Phys. Rev. Lett.

85 (2000) 646.

[23] C. Mocuta, A. Barbier, G. Renaud, B. Dieny, Thin Sol.

Films 336 (1998) 160.

[24] T.J. Regan, H. Ohldag, C. Stamm, F. Nolting, J. L€uuning, J.

St€oohr, R.L. White, Phys. Rev. B 64 (2001) 214422.

[25] H.L. Meyerheim, R. Popescu, J. Kirschner, N. Jedrecy, M.

Sauvage-Simkin, B. Heinrich, R. Pinchaux, Phys. Rev.

Lett. 87 (2001) 076102;

H.L. Meyerheim, R. Popescu, N. Jedrecy, M. Vedpathak,

M. Sauvage-Simkin, R. Pinchaux, B. Heinrich, J. Kirsch-

ner, Phys. Rev. B 65 (2002) 144433.

[26] R. Bertacco, S. De Rossi, F. Ciccacci, J. Vac. Sci. Technol.

A 16 (1998) 2277.

[27] R. Bertacco, F. Ciccacci, Phys. Rev. B 59 (1999) 4207, and

references therein.

[28] F. Bisio, R. Moroni, M. Canepa, L. Mattera, R. Bertacco,

F. Ciccacci, Phys. Rev. Lett. 83 (1999) 4868.

[29] H. Kuhlenbeck, G. Od€oorfer, R. Jaeger, G. Illing, M.

Menges, Th. Mull, H.-J. Freund, M. P€oohlchen, V.

L. Du�oo et al. / Surface Science 518 (2002) 234–242 241



Staemmler, S. Witzel, C. Scharsfschwerdt, K. Wennemann,

T. Liedtke, M. Neumann, Phys. Rev. B 43 (1991) 1969.

[30] K. Wandelt, Surf. Sci. Rep. 2 (1982) 1;

S.J. Roosendaal, B. van Asselen, J.W. Elsenaar, A.M.

Vredenberg, F.H.P.M. Habraken, Surf. Sci. 442 (1999)

32.

[31] J.F. Moulder, W.F. Stickle, P.E. Sobol, K.D. Bomben,

Handbook of X-ray Photoelectron Spectroscopy, Physical

Electronics, Eden Prairie, MN, 1995.

[32] M.P. Seah, W.A. Dench, Surf. Interf. Anal. 1 (1979) 2.

[33] L. Braicovich, F. Ciccacci, E. Puppin, A. Svane, O.

Gunnarsson, Phys. Rev. B 46 (1992) 12165.

[34] M. Sancrotti, F. Ciccacci, M. Finazzi, E. Vescovo, S.F.

Alvarado, Z. Phys. B 84 (1991) 243;

F. Ciccacci, L. Braicovich, E. Puppin, E. Vescovo, Phys.

Rev. B 44 (1991) 10444;

F. Ciccacci, L. Du�oo, E. Puppin, Surf. Sci. 269/270 (1992)
533;

M. Finazzi, L. Du�oo, G. Bacchin, F. Ciccacci, E. Puppin,

Surf. Sci. 287/288 (1993) 264.

242 L. Du�oo et al. / Surface Science 518 (2002) 234–242


	Epitaxial thin NiO films grown on Fe(001) and the effect of temperature
	Introduction
	Experimental
	Results and discussion
	Conclusions
	Acknowledgements
	References


